This article presents an optical measurement method for acquiring rapidly accurate geometric 3-D surface morphology of objects. To achieve high-speed profilometry and avoid disturbance due to in-field vibration, one-shot Fourier transform profilometry (FTP) using twowavelength digital moiré pattern was developed to detect the morphology of the measured object at a speed of up to 60 frames or more per second. Single-fringe interferogram sufficient for FTP can be rapidly captured within a theoretical CCD acquisition time of down to 1 μs. The interferogram thus captured can be applied for further phase retrieving using the developed frequency transform and band-pass filtering strategies. The band-pass filter is designed to obtain phase information for optimizing the 3-D surface reconstruction with both dimensional and structural measurement accuracy. Furthermore, a standard step-height target was measured to analyze accuracy and repeatability of the developed methodology. Experimental results verified that the measurable step height can be effectively increased using the equivalent wavelength established by analyzing two-frequency moiré pattern, thus increasing practical applicability of the developed system while achieving a micro-scale measuring depth resolution. The maximum measured error can be kept within 3.5% of the overall measuring range. Index terms: Optical metrology, Automatic optical inspection (AOI), Fourier transform, Surface profilometry, Fourier transform profilometry (FTP), Dynamic measurement. I. INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS, VOL. 2, NO. 3, SEPTEMBER 2009 345 communication, and optoelectronics. In such applications, a considerable amount of research and development work has been performed to increase the performances of 3-D measurement systems using automatic optical inspection (AOI) techniques. One of the current significant issues in obtaining accurate dimensional information is dealing with anti-vibration problems encountered in on-line inspection environment. How to avoid employing expensive anti-vibration facilities or taking strict operation requirements in in-field 3-D measurement has thus become a critical problem to tackle.
INTRODUCTION
3-D surface profilometry has become extremely important for high-tech manufacturing industries with applications in modern fields such as nanotechnology, biotechnology, broadband requiring only one interferogram to establish 3-D profile of the measured object. However, the measurement accuracy achieved is, in general, less than that obtained by the PSP method due to its lower signal-to-noise ratios. Although the FTP method using single-frequency moiré fringe has been established previously [10] , the issue of achieving both a high step-height measurement range and a high vertical resolution simultaneously remains unresolved. Nevertheless, for the traditional methods currently employed, the measurement speed and accuracy may pose problems to their applications in in-field 3-D measurement.
To address the above issues, this research proposes an optical measurement method for acquiring rapidly accurate geometric 3-D surface morphology using DMD-based two-frequency moiré and Fourier transform technique. To achieve high-speed profilometry and minimize disturbance due to in-field vibration, fast Fourier transform profilometry (FTP) using two-wavelength digital moiré was developed to detect the morphology of the measured object at a speed of more than 60 fps. In addition, to increase the step-height measurement range, two-wavelength digital moiré was developed to overcome the limits of λ/4 phase difference between neighboring pixels. Most importantly, a band-pass filter was designed to optimize the 3-D surface reconstruction with both dimensional and form measurement accuracy.
This article comprising six sections is organized as follows. After the introduction above, Section 2 provides a literature review on various types of high-speed 3-D surface profilometry. Following this, the principle of the proposed measurement method is detailed in Section 3. To achieve highspeed image acquisition of the deformed moiré fringe from the object surface. Section 4 describes the system layout of the developed optical measurement system with its design of strobed LED light source and signal synchronizing electronics. With the experimental results, Section 5 illustrates and analyzes the performances of the developed methods from surface measurement on precision gauge blocks and dynamic vibratory characterization of a sound vibratory membrane. Section 6 summarizes the development and the achievements.
II. LITERATURE REVIEW
There are generally three kinds of algorithms used for high speed 3-D surface profilometry involving moiré fringe projection. They are phase shifting, color-encoded structured light and Fourier transform filtering. Stroboscopic imaging is important for acquiring high contrast images from dynamic objects. The latest development trend as well as the important characteristics of these methods is discussed in the following.
a. Phase shifting methods
Traditional phase shifting generally requires at least three phase shifting interferograms for performing phase wrapping and unwrapping, with one constraint that any adjacent detecting pixel should be withinλ/4 phase difference. To achieve rapid surface profilometry, Zhang presented fast phase shifting employing a high-speed CCD at a frequency of 240 Hz to acquire a series of deformed fringe images according to the DMD projection principle [11] . The method is still limited in measurement bandwidth because at least three different phase fringe patterns are required for each surface frame reconstruction. To achieve simultaneous phase shifting, Wyant developed an optical layout using polarizing masks and beam splitters to obtain four phase maps simultaneously [12] . However, the method could still be hindered by the size of its measurable step height. In addition, the field of view (FOV) of Wyrant's method is decreased to a quarter of the original size.
b. Color-encoded structured light methods Surface profilometry can be realized by projecting a coded sequence of structure fringes onto the object. Identifying each deformed pattern highlights its original undistorted position to allow calculation of the 3-D depth. The most difficult task encountered by the color-encoded method is accurate detection of the correspondence between the original and deformed patterns. A single binary encoded pattern obtained from De Bruijn sequences was suggested to resolve the issue, in which a unique pattern structure formed by 63 gray stripes was designed for robust recognition [13] . To improve the spatial resolution of the measurement, Griffin proposed a pseudorandom array for encoding a unique structured pattern [14] . Hall-Holt also presented a coded technique by coding the boundaries between stripes for improving measurement accuracy [15] . Owing to complexity in optical occlusion and light variance in real-world measurement environment, the color-encoded structured light methods tend to be complicated and time-consuming for decoding the deformed patterns. Moreover, the methods have poorer spatial resolution due to the detection limits of projection fringes caused by both the projector and sensing devices. Requiring only one interferogram to establish 3-D profile of the measured object, FTP was first proposed by Takeda in 1983 [16] . In recent years, vibratory shapes like drumhead, speakers and balloon have been achieved using FTP. To speed up the reconstruction, a phase unwrapping algorithm requiring only the first frame wrapped phase was developed to unwrap the phase according to the reasonable assumption that the incremental phase difference between frames should be less than 2p. The stroboscopic imaging techniques have been employed to acquire high contrast images from a vibrating object [17, 18] . To increase the measurable step height, a twowavelength interferometry consisting a YAG and a He-Ne laser was developed using FTP [19] .
However, the measurement accuracy could deteriorate due to larger synthetic wavelength. In addition, the measurement accuracy achieved by FTP is generally less than that obtained by the phase shifting method due to its lower signal-to-noise ratios. This article thus proposes a FTPbased two-frequency moiré projection method to address the above issues.
III.
MEASUREMENT PRINCIPLE a. Principle of two-frequency moiré FTP
The FTP using two-frequency digital fringe pattern is described as follows. In the two-frequency digital moiré pattern formed by superposing two single-frequency fringe patterns, there normally exist three fringe elements, including the two single-frequency fringes and the equivalent (moiré) fringe being generated by superimposing the two linear patterns simultaneously. In the approach, two fringe patterns with different spatial frequencies are designed and created by a personal computer (PC). The two fringe patterns are then projected simultaneously by a digital light projection (DLP) system onto the measured object through optical lenses for obtaining desired field of view (FOV) and depth of field (DOF). Following this, a CCD camera is employed to capture a series of images of the deformed fringe from the object. A series of deformed fringe images can be expressed as follows: 
) and initial phases (
can be expressed by the carried frequencies as follows:
where nx f and ny f are the carried frequencies along the x-and y-coordinate of the fringe pattern 1, fringe pattern 2 and equivalent fringe pattern, respectively (n = 1, 2, 3).
From (2), Eq. (1) can be further rewritten as follows:
A series of deformed patterns described by Eq. (4) can be rewritten in the following form:
Equation (5) can be further simplified as:
By using Fourier transform and regarding to Eq. (3), Eq. (6) can be transformed and expressed as:
In the proposed method, 1 C , 2 C and eq C are equally selected by a band-pass filter and are transformed into the space domain by the inverse Fourier transform, respectively. Furthermore, the height of the 3-D profile can be found in the phase map obtained by phase unwrapping.
b. Strategies for spectrum separation
In FTP, it is important to extract precisely the corresponding spectrum region transformed from Figure 1 displays the relationship between the spatial pattern and frequency-domain data of single-frequency and two-frequency linear patterns. When projecting onto a flat surface, a singlefrequency pattern with a carrier frequency C 1 can be acquired by the CCD. By using FFT, its spectrum diagram having two spectral peaks representing a background image (dc spectrum portion) and a single carrier-frequency pattern can be obtained as shown in figure 1(a) . Similarly, another single-frequency pattern with a carrier frequency C 2 (C 2 > C 1 ) can be transformed to its spectrum domain having a higher spectral peak representing its carrier-frequency (shown in figure 1 (b)). Superposing (a) and (b) forms a moiré pattern (shown in figure 1(c)) with its spectrum diagram comprising four spectrum regions, which represent the background image (dc spectrum region, dc), the equivalent fringe pattern, the carrier-frequency 1 and 2 fringe patterns.
In general, since the spectral data (C eq ) representing the equivalent pattern are normally close to the position of dc spectrum portion, these two regions could easily overlap and C eq is in general difficult to observe or detect. Moreover, if r represents the radius of each spectrum region, clear separation of the three spectrum data regions, including dc, C 1 , and C 2 , could be achieved only π φ 2 0 Δ = f (8) It is apparent that 0 f is proportional to φ Δ . This indicates that the number of fringes in the projected pattern will increase when the phase difference at any adjacent pixel increases. Thus, the surface curvature of the object can influence the size of the spectral data region. When the surface of the measured object is relatively flat, the size of the spectral data region covers a relatively small region. The three frequency components can be easily separated since each spectral region is confined within a relatively small region, as shown in figure 2(a). Accordingly, a band-pass filter can easily separate each spectral region to obtain the phase information.
However, because the object surface can be of arbitrary type, such as free-form (continuous) or step-height (discontinuous) surfaces, the size of the spectral data region could increase undesirably to overlap each other, as shown in figure 2(b). In such case, difficulty may arise in the band-pass filtering for ensuring clear spectral data extraction. To overcome the above problem, two strategies are proposed for ensuring clear spectral data extraction in the two-frequency fringe pattern projection method. The first strategy is proposed to reduce the size of dc spectral region by subtracting the background image from the deformed fringe image. The background image ( B I ) is initially acquired before projecting any fringe pattern onto the object to be measured. Following this, by projecting the two-frequency fringe pattern onto the object, the deformed fringe image ( I ) is then captured. To reduce the dc spectral data, the deformed fringe image is subtracted from the background image as follows: Figure 3 illustrates an example for demonstrating the reduction of dc spectral data using the proposed strategy. A two-frequency pattern (P 1 = 5 mm and P 2 = 10 mm) was projected onto a spherical ball with a diameter of 2.0 mm, in which 1 P is the period of the spatial frequency 1, and 2 P is the period of the spatial frequency 2. It is apparent that the dc spectral data can be effectively reduced and the overlapping problem between the dc spectral data and the spectral region 1 can be minimized. Although the above strategy may be effective in separating the dc region from the spectral region 1, the overlapping problem between the spectral regions of frequency 1 and 2 still affects the quality of the band-pass filtering. Moreover, the equivalent region (C eq ) could be still overlapped with the dc region. Therefore, the second strategy is proposed to separate these spectral regions by designing a two-frequency fringe pattern. Theoretically, the central distance between the spectral peaks 1 and 2 could reach a maximum when the angle between the orientations of two fringes equals 90°. However, because two linear fringe patterns will become mutually independent under this condition, the equivalent wavelength of moiré pattern is ill defined. To achieve both a clear spectrum separation between the spectral data regions and a reasonably large equivalent pattern period for ensuing a reasonable step-height measuring range, a two-frequency fringe pattern with an inclined angle of 45° can be employed for FTP. The equivalent period (P eq ) of moiré pattern with an inclined angle of θ between two set of single-frequency patterns can be expressed as: 
where 1 P is the period of the fringe pattern 1, 2 P is the period of the fringe pattern 2, and θ is the angle between the orientations of these patterns. Figure 4 shows an example of a two-frequency pattern by superposing the fringe pattern 1 having a period of 7.5 mm with a 45°-tilting angle and the fringe pattern 2 having a period of 15 mm with a horizontal orientation. The general spectrum diagram of the proposed two-frequency pattern is shown in Figure 5 . The advantage of the developed pattern especially in clear separation of C 1 , C 2 , C eq and dc spectral regions is obvious. In particular, C eq can be clearly between. More importantly, C eq can also be clearly separated from the dc spectral region. In this case, the equivalent period of the moiré pattern is 10.58 mm when the period 1 and period 2 of two linear fringe patterns are 7.5 mm and 15 mm, respectively. Although the above method can generally achieve a clear spectrum separation, the equivalent period of the moiré pattern is sometimes reduced to be even smaller than the period of single pattern. As a result, the maximum measurable step heights cannot be effectively increased. To overcome this drawback, the tilting angle and the period of two spatial frequencies are analyzed to determine the possible maximum equivalent (synthetic) period. According to Eq. (10), the ratio of the period of the fringe pattern 2 with respect to the fringe period 1 is shown in figure 7 .
Generally, the period of the fringe pattern 2 should be adjusted according to the tilting angle, in order to achieve a maximum equivalent period. Shown in figure 8 , the maximum ratio of the equivalent period with respect to the fringe pattern 1 can be determined according to the tilting angle and the fringe period 2 as defined in figure 7 . Theoretically, the equivalent period of the two-frequency moiré pattern can be maximized to become infinite. However, when the tilting angle is decreased, the spectral data regions of the frequency 1 and 2 will overlap. Moreover, the measurement depth resolution is determined by the equivalent period of the pattern, in which the smaller the period is, the higher the resolution becomes. The equivalent period is limited by the image quality index of the optical system, such as modulation transfer function (MTF).
Relationship between the tilting angle and P2/P1 figure 9 , the true spectral data region required for accurate surface reconstruction cannot always be acquired using band-pass filtering with a fixed circular range.
Thus, it is important to grab as much of the true spectral data region as possible because all the frequency components within the region are essentially required for accurate surface restoration and the redundant spectral data incurring undesired measurement errors should be minimized.
To determine an adequate search range is important for finding the true spectral data region.
Shown in figure 10, ) ,
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x f f f and ) , ( to determine the spectral data region for the fringe pattern 1 (n = 1) and fringe pattern 2 (n = 2) as follows:
where k is a constant and
T is the threshold value; and 
where c 1 and c 2 are the fringe patterns 1 and 2, respectively, after C 1 and C 2 are transformed by IFFT.
In this approach, since the spatial frequency of the fringe pattern 2 is higher than that of the fringe pattern 1, its vertical measurement resolution is also superior to that obtained by the pattern 1. Therefore, (15) where c eq is the equivalent pattern after C eq is being transformed by IFFT. theoretically. However, due to the different vertical measurement resolution obtained from using the fringe pattern 2 and the equivalent pattern, the measured heights may deviate slightly from each other. The step height difference between any two adjacent pixels within the field of view can be determined as:
where h n+1 is the height located on the pixel of n+1; h n is the height located on the pixel of n;
Δφ n+1 is the phase difference on the pixel of n+1; and between two neighboring pixels exceeding the value of 2 0 / P l d , the fringe period P 2 can be employed to achieve a higher vertical resolution in the developed method. Meanwhile, since eq P is generally larger than 2 P , the measurable step height of a phase-discontinuous point can be effectively enhanced by a ratio of 
where h is the calculated height of the object surface.
IV.
OPTICAL SYSTEM DESIGN
The optical system layout of the developed methodology is shown in figure 12 The maximum and averaged deviations of the above mapping were 152.1 and 34.6 μm, respectively, while the standard deviation of the measurement was maintained within 15.3 μm.
The possible maximum error due to the nonlinearity of the measurement system was controlled within 3.3 % of the overall measured height range. The measurement results of the system calibration can be shown in figure 13 . From the calibration results, it is found that the order number (n) used in the least squares fitting algorithm affects the accuracy of the conversion. The fitted error is converged when n is increased up to 3, but it tends to converge to a certain range when an order higher than 3 is applied. Meanwhile, it should be noted that higher order fitting could bring instability to the conversion. measurement when k is set to be 0.1). It was also found that a 20°-tilting angle can provide a feasible solution for achieving a maximum equivalent period of the moiré pattern up to approximately three folds that of the fringe period 1. A higher equivalent period of the moiré pattern can be further enhanced by improving the image quality index (such as MTF) of the optical system, for allowing a finer pitch of the fringe pattern 1 to be employed in the approach. For the developed FTP approach using a single fringe projection, the period of the single fringe was 5.0 mm (shown in figure 18 (a)) and its spectral peak was located at For the developed FTP approach using a two-frequency pattern projection, the period of both fringe patterns 1 and 2 was 5.0 mm and a tilting angle of 20° was employed, in which an equivalent period eq P of 14.4 mm was formed. The ratio of 0 / l d was kept the same as the previous experiments. The deformed fringe image of the projected two-frequency moiré pattern is shown in figure 19 (a) and its three spectral peaks of C 1 , C 2 and C eq were located at Analyzing the measurement performance of the above three methods reveals that the proposed two-frequency moiré fringe FTP method prevails over the other two methods. Although the phase shifting (PS) method is slightly more accurate than that achieved by the FTP method, it is difficult to be applied for real-time measurement of vibrating objects since its image acquisition time is too lengthy to acquire accurate phase-shifted images without having disturbances from the environmental noises. The FTP method is excellent in having a short image capturing time, thus achieving better resistance to vibration disturbance. In addition, the proposed two-frequency moiré fringe FTP method has a higher measurable step-height range for reconstructing arbitrary surfaces. The DMD-based measurement approach developed has its exclusive advantage of achieving flexibility in optimizing the fringe pattern for ensuring its effectiveness in L. C. Chen, C. H. Cho and X. L. Nguyen, ONE-SHOT THREE-DIMENSIONAL SURFACE PROFILOMETRY USING DMD-BASED TWO-FREQUENCY MOIRÉ AND FOURIER TRANSFORM TECHNIQUE reconstructing 3-D surfaces. Furthermore, it is also confirmed that the developed FTP method could require high-speed hardware or parallel processing strategies to shorten the time spent in its intensive FFT operation.
d. Measurement of vibratory membrane of a sound speaker
The vibratory membrane of a planar three-layer sound speaker of composite type shown in figure   20 was measured by the developed FTP approach as its feasibility test on dynamic measurement.
The tested object has a mean reference of curvature of 99.0 mm long, and is 36.0 mm wide and 2.2 mm thick. A two-frequency moiré fringe with setup parameters of 1 P at 5 mm, 2 P at 5 mm and θ at 20° was projected onto the vibratory membrane, thus achieving an equivalent fringe period ( eq P ) of 14.4 mm. The vibration excitation frequency of the tested object was set to be 30
Hz and the input voltage of the sinusoidal single was set to be 7.0 volts. Stroboscopic source illumination and signal synchronization were employed to ensure good-contrast deformed fringe images captured by the approach. By using the developed methodology, the deformed fringe (shown in figure 21(a) ) of the projected two-frequency moiré pattern was transformed to the spectrum domain shown in figures 21(b) and (c) for different views. The spectral peak of C 1 , C 2 and C eq were located at ) 106 , 120 ( 
VI. CONCLUSIONS
In this article, a novel two-frequency moiré pattern projection using FTP was developed to achieve one-shot image 3-D surface profilometry. The measurement speed can be significantly increased, thus avoiding problems due to potential in-field vibration. In this research, an innovative moiré design method and an effective band-pass filtering strategy were developed to separate the important spectral data regions for ensuring accurate surface reconstruction. A calibration approach was effectively developed to determine the spectral data boundary for enhancing dimensional measurement accuracy as well as geometric form restoration. The DMD-L. C. Chen, C. H. Cho and X. L. Nguyen, ONE-SHOT THREE-DIMENSIONAL SURFACE PROFILOMETRY USING DMD-BASED TWO-FREQUENCY MOIRÉ AND FOURIER TRANSFORM TECHNIQUE based two-frequency moiré pattern FTP can be employed to increase the measurable step-height range while maintaining the measurement accuracy at the same level achieved using singlefrequency pattern projection. The experimental results preliminarily verified that the maximum measured error using the developed method can be controlled within 3.5% of the overall measuring depth range. To further achieve a real-time 3-D measurement, advanced high-speed
FFT hardware solution as well as a more effective band-pass filter for reconstructing sharp geometric feature is required in the future development.
